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dialysis SYMPATHETIC NERVOUS SYSTEM (SNS) activity is chronically elevated in patients with end-stage renal disease (ESRD) and contributes to hypertension and cardiovascular risk in these patients. The mechanisms underlying sympathetic overactivity in renal failure are largely unknown. Direct microneurographic measurements of sympathetic nerve activity in ESRD patients have revealed marked increases in sympathetic traffic directed to skeletal muscle (3); however, it is unknown whether skin sympathetic nerve activity is also elevated. Sympathetic output to the muscle and skin is regulated by different mechanisms; whereas muscle sympathetic nerve activity (MSNA) is tightly regulated by baroreflexes and chemoreflexes, skin sympathetic nerve activity (SSNA) is free from baroreflex and chemoreflex control, and it is instead regulated by sensory stimuli and thermoregulatory input (4 -6, 12, 22) . Examining potential differences in the distribution of sympathetic activity to muscle and skin may provide insights into whether sympathetic overactivation is widespread in ESRD, or reflects independent regulatory patterns, because the regulation of sympathetic nerve traffic to these body distributions are different.
A dissociation between MSNA and SSNA has been found in other disease states characterized by chronic sympathetic overactivity, including heart failure, essential hypertension, and obesity (8, 23) . In these conditions, heightened MSNA was found, without concomitant elevations in SSNA. The differential distribution of MSNA and SSNA in heart failure may be explained by diminished baroreceptor sensitivity, because it is known that baroreflexes are abnormal in heart failure (7, 10) . In contrast to heart failure, patients with ESRD have intact baroreflex sensitivity (2); however, the peripheral chemoreceptors are tonically sensitized (14) .
We used the microneurography technique to make simultaneous measurements of MSNA and SSNA in patients with ESRD and normal controls to determine whether 1) sympathetic overactivity is also directed to skin, a body distribution that is independent of baroreflex and chemoreflex control, and 2) the pattern of sympathetic discharge in ESRD resembles other disease states characterized by chronic sympathetic overactivity.
MATERIALS AND METHODS

Subjects.
The study population consisted of 16 total participants (age range 21-59 yr): 8 ESRD patients and 8 healthy, age-and sex-matched controls. Six ESRD patients and six controls were male, and two ESRD patients and two controls were women. Exclusion criteria for all participants included smoking; illicit drug use; recent treatment with central ␣ 2-agonists; and major comorbid conditions, including diabetes, vascular disease, or any clinical evidence of heart disease determined by electrocardiogram (ECG), echocardiogram, stress test, and/or history. Of the subjects, 0 of 8 controls and 3 of 8 ESRD patients had hypertension that was controlled on an average of 2.3 medications. Antihypertensive medications included dihydropyridine calcium channel blocker (3), ␤ 1-selective ␤-blocker (2), ␤-blocker with ␣-blocking activity (1), and angiotensin receptor blocker (1) . The etiology of ESRD was autosomal dominant polycystic kidney disease (ADPKD) in one, hypertension in one, lithium toxicity in one, shock in one, and unknown in four patients. All ESRD patients were on chronic maintenance hemodialysis at a frequency of 3 times per week, for ϳ3.5 h at each session. None of the patients had problems with hemodynamic instability during dialysis. All subjects were being treated with stable doses of erythropoiesis stimulating agents with dialysis. Time on dialysis ranged from Ͻ1 mo to 14 yr, with an average duration of 2.9 yr. Written informed consent was obtained from each participant, and the study protocol was approved by the institutional review board of the University of Southern California.
Experimental procedures. Arterial blood pressure was measured with an automated sphygmomanometer (Dynamap). Each data point of blood pressure was the mean of at least three consecutive readings. Heart rate was monitored with continuous ECG. Multiunit postganglionic sympathetic nerve activity directed to muscle (MSNA) and directed to skin (SSNA) were both obtained in each participant, and recorded directly from the peroneal nerve by microneurography, as previously described (28, 29) . A tungsten microelectrode (tip diameter 5-15 m) (Dept. of Bioengineering, University of Iowa, Ames, IA) was inserted into the nerve, and a reference microelectrode was inserted subcutaneously 1-2 cm from the recording electrode. The microelectrodes were connected to a preamplifier (gain 1,000), and an amplifier (gain 50-100). Nerve signals were filtered (700 -2,000 Hz; model 662C-3, Nerve Traffic Analyzer, Dept. of Bioengineering, University of Iowa), rectified, and integrated (time constant 0.1 s) to obtain a mean voltage display of sympathetic nerve activity that was recorded by the Chart 5 Program (PowerLab 16sp, ADInstruments). Lead II of the ECG was recorded simultaneously with the neurogram. Sympathetic nerve activity directed to the muscle (MSNA) vs. skin (SSNA) was distinguished by previously described standards (4 -6, 12, 22) . The MSNA neurogram fulfilled the following criteria: 1) mild electrical stimulation caused a muscle contraction, but no paresthesia or pain; 2) nerve bursts were pulse synchronous and had a signal to noise ratio of Ͼ 3:1; 3) nerve activity increased with apnea and Valsalva, but it was not affected by a loud acoustic stimulus; and 4) afferent nerve signals were elicited with passive muscle stretch. The SSNA neurogram fulfilled the following criteria: 1) mild electrical stimulation caused paresthesias without causing a muscle contraction; 2) nerve bursts were not synchronous with the heart rate and were broad based, with a signal to noise ratio of Ͼ3:1; 3) nerve activity increased with loud acoustic stimulus; 4) afferent signals were elicited with light skin touching. A skin sympathetic nerve burst was identified if it occurred within a neurogram fulfilling these criteria and if it was broad based with an amplitude at least threefold greater than baseline noise. Sympathetic bursts were identified by visual inspection of nerve bursts by a single investigator without knowledge of the participant's status as patient or control. MSNA was expressed as burst frequency (bursts/min) and bursts per 100 heartbeats, and SSNA was expressed as burst frequency.
Experimental protocol. All participants were studied in the early afternoon, after abstaining from food for 4 h and from exercise, caffeine, and alcohol for at least 12 h. All ESRD patients were studied on a nondialysis day, ϳ24 -30 h after the previous dialysis session. The study room was quiet, semidark, and temperate (ϳ21°C). Participants were placed in a supine position, and they were fitted with a blood pressure cuff on the upper arm for intermittent automatic blood pressure monitoring, and ECG patch electrodes for continuous heart rate recordings. Baseline blood pressure and heart rate were measured after 5 min of rest. The leg was positioned for microneurography, and the tungsten microelectrode was inserted and manipulated to obtain a satisfactory nerve recording. After 10 min of rest, sympathetic nerve activity to the muscle or skin distribution was recorded for 5-10 min. Afterward, the electrode was repositioned to record sympathetic nerve activity to the distribution that was not recorded earlier. Again, after 10 min of rest, the neurogram was recorded for 5-10 min. The order of MSNA and SSNA recordings was randomly obtained from each participant.
Data analysis. Individual values were averaged for each group and expressed as means Ϯ SE. Mean values were compared between the two groups using unpaired Student's t-test. Analysis of covariance was used to compare MSNA and SSNA between the two groups, adjusting for age. A P value of Ͻ0.05 was deemed statistically significant.
RESULTS
Age and body mass index did not differ significantly between ESRD and control participants ( Table 1 ). The majority of both groups were men (men/women, 6/2 in ESRD, 6/2 in controls). ESRD patients tended to have higher systolic blood pressures (ESRD vs. controls, 136.6 Ϯ 7.5 vs. 121.9 Ϯ 4.2 mmHg; P ϭ 0.11), but this difference did not reach statistical significance. Three of the eight ESRD patients also had hypertension, which was well controlled on two to three medications. Diastolic blood pressure and heart rate were not significantly different between the two groups. Figure 1 depicts baseline MSNA and SSNA neurograms from a representative ESRD and control participant. Figure 2 depicts examples of changes in MSNA during apnea and Valsalva maneuvers in ESRD and control participants. MSNA was significantly higher in ESRD patients compared with controls (ESRD vs. controls, 37.3 Ϯ 3.6 vs. 23.1 Ϯ 4.4 bursts/min; P ϭ 0.025) ( Table 1 and Fig. 3 ), and this difference remained significant after age adjustments. Results were similar when MSNA was analyzed as bursts per minute and bursts per 100 heartbeats (ESRD vs. controls, 53.5 Ϯ 5.2 vs. 35.8 Ϯ 6.2 bursts/100 heartbeats; P ϭ 0.02). Conversely, SSNA was not significantly different between the two groups (ESRD vs. controls, 17.6 Ϯ 2.2 vs. 16.1 Ϯ 1.7 bursts/min; P ϭ 0.61).
DISCUSSION
We report the novel finding that although MSNA is chronically elevated in ESRD patients, SSNA is not elevated compared with healthy controls. Sympathetic activation does not appear to be uniform to all body distributions in ESRD, and it is selectively heightened to the muscle distribution, which is dependent on baroreflex and chemoreflex regulation.
Prior studies using microneurography to measure sympathetic nerve traffic to muscle have demonstrated chronic elevations of MSNA in patients with ESRD (3) and chronic kidney disease (16 -18, 20, 24) . In humans with ADPKD, MSNA was chronically elevated, regardless of renal function. However, increased MSNA was only apparent in hypertensive patients with ADPKD and not in normotensive patients. In fact, in most human studies to date that demonstrate chronic MSNA elevation in renal failure, the majority of the patients had hypertension as a comorbid condition. Interestingly, our study, in which the majority of the dialysis patients were normoten- sive, revealed significant increases in MSNA compared with healthy controls, despite comparable blood pressures. Although SNS activity directed to muscle was significantly elevated, we found that SNS activity directed to the skin was virtually identical between ESRD patients and controls.
The mechanisms underlying the differential distribution of SNS activity to the muscle vs. skin in this population can only be speculated in this study, but it could potentially reflect chronic chemoreceptor activation of central sympathetic discharge, which was demonstrated in a previous study (14) . Chemoreceptors are stimulated experimentally by voluntary apneic maneuvers and increase MSNA selectively, without increasing SSNA. Peripheral chemoreflex activation of renal afferent nerves by intrarenal adenosine accumulation (15) , one putative trigger for renal afferent activation of central sympathetic outflow, may potentially also cause nonuniform increases in sympathetic activity. In addition, other proposed contributors to SNS overactivity in renal failure, including high circulating levels of angiotensin II (17, 20, 24, 26) , asymmetric dimethylarginine (21), leptin (27) , insulin (30) , and reactive oxygen species (13) , may cause nonuniform increases in central sympathetic outflow.
We have found that patients with renal failure exhibit a similar pattern of SNS discharge as other disease states characterized by chronic sympathetic overactivity. MSNA is chronically elevated in patients with heart failure, obesity, and essential hypertension; however, SSNA is not elevated in these conditions compared with healthy controls (8, 23) . The mechanisms underlying the nonuniform distribution of sympathetic activity in these conditions is not certain, but it is thought to be due to impaired baroreflex sensitivity. Baroreflex sensitivity has been shown to be abnormal in heart failure (7, 10) and obesity (9, 11) and could contribute to SNS overactivity and independent control of MSNA and SSNA in these conditions. One limitation of the present study is that we did not test baroreflexes in the ESRD patients. However, although some prior studies report abnormal baroreflex modulation of heart rate in renal failure, particularly in those prone to hemodynamic instability during dialysis (1, 19, 25) , studies examining the cardiopulmonary and sinoaortic baroreflex regulation of sympathetic nerve activity in patients with ESRD (2) and chronic kidney disease (16, 20) have shown that sympathetic responses to baroreflex engagement are intact, albeit the baroreflex curve is shifted to the right. Thus abnormal arterial baroreflex sensitivity is unlikely to be the cause of chronic SNS overactivity or nonuniform distribution of sympathetic outflow in renal failure, and other mechanisms that result in activation and central partitioning of sympathetic outflow, must be considered.
PERSPECTIVES AND SIGNIFICANCE
We have found that although SNS activity directed to muscle is significantly elevated in ESRD patients, there is no elevation in SNS activity directed to skin, a body distribution that is free from baroreflex and chemoreflex control. In addition, we found that baseline MSNA was significantly higher than controls even in a predominantly normotensive group of dialysis patients. The differential distribution of SNS outflow to the muscle and skin in ESRD is similar to the pattern that has been observed in other disease states characterized by chronic SNS overactivation. Because sympathetic overactivity contributes to the profound increased risk of cardiovascular mortality in renal patients, further studies investigating sympathetic regulation, distribution, and potential therapeutic interventions are needed in the future. 
